Photospheric parameters and chemical composition are determined for the single-lined chromospherically active RS CVn-type star λ And (HD 222107). From the high resolution spectra obtained on the Nordic Optical Telescope, abundances of 22 chemical elements and isotopes, including such key elements as 12 C, 12 C/ 13 C = 14. The 12 C/ 13 C ratio for a star of the RS CVn-type is determined for the first time, and its low value gives a hint that extra-mixing processes may start acting in low-mass chromospherically active stars below the bump of the luminosity function of red giants.
INTRODUCTION
The RS CVn-type stars have been studied thoroughly since 1965 when their peculiar light curves were detected (Rodonó 1965; Chisari & Lacona 1965 ) and a new distinct class of binaries was named (Olivier 1974; Hall 1976) . RS CVn binary systems are typically composed of two late-type chromospherically active fast-rotating stars, at least one of which has already evolved off the main sequence (Hall 1976) . Tidal forces between the close components make their rotational period to be equal to the orbital period. Similarly to other cool active stars, RS CVn-type variables are remarkable due to large starspots, strong chromospheric plages, coronal X-ray and microwave emissions, as well as strong flares in the optical, radio and other spectral regions. General properties of RS CVn systems are comprehensively described by Montesinos et al. (1988) . The photometric brightness variation analysis, Doppler imaging and spectral line analysis of RS CVn stars indicate that starspots may cover more than 20% of their surfaces (Rodonó et al. 1995; Berdyugina et al. 1998b Berdyugina et al. , 2000 Jeffers 2005; Alekseev & Kozhevnikova 2005) . One of the largest filling factors (44%) was found for the RS CVn binary V841 Cen (Strassmeier et al. 2008) .
The photospheric abundances of chemical elements in RS CVn-type stars are found to be peculiar and indicate a combined action of various physical processes related to activity (e.g., Pallavicini et al. 1992 , Tautvaišienė et al. 1992 Randich et al. 1993 Randich et al. , 1994 Savanov & Berdyugina 1994; Berdyugina et al. 1998a Berdyugina et al. , 1999 Katz et al. 2003; Morel et al. 2003 Morel et al. , 2004 .
A new era of investigations of RS CVn stars has begun with the launch of the Extreme Ultraviolet Explorer, Chandra and XMM-Newton satellites and the study of element abundances in the coronal plasma. Highly active stars show a depletion of elements with a low first ionization potential (FIP) (e.g., Fe, Mg, Si) relative to high-FIP elements (e.g., C, N, O, Ne), whereas active binaries with medium activity show either no the FIP feature or a possible solar-like FIP effect; some studies show that only low-FIP elements are sensitive to the activity level, while this is not the case for high-FIP elements (Drake 1996 (Drake , 2002 Jordan et al. 1998; Audard et al. 2001 Audard et al. , 2003 Bowyer et al. 2000; Sanz-Forcada et al. 2004 and references therein). In order to interpret the apparent coronal abundance anomalies and true abundance differences, a detailed comparison of photospheric abundances is needed.
We have started a detailed study of the photospheric abundances in RS CVn stars, and observed a sample of 28 such stars on the Nordic Optical Telescope. We consider that this study will be useful in addressing the issues of photospheric and coronal abundance patterns and mixing processes in these stars. Our aim is to determine abundances of more than 20 chemical elements, including 12 C, 13 C, N, O and other mixing-sensitive species. We plan to investigate correlations between abundance alterations of chemical elements in star atmospheres and their physical macro parameters, such as the speed of rotation and the magnetic field.
In this paper we present results of the analysis on one of the brightest RS CVn binaries, λ And (HR 8961, HD 222107), consisting of a G8 III-IV star (V ≈ 3.8 mag) and a spectroscopically undetected secondary. According to Donati et al. (1995) , λ And has a mass of 0.65 +0.6 −0.3 M ⊙ , and the unseen secondary component of the system is a low-mass main-sequence star or a brown dwarf of mass 0.08 ± 0.02M ⊙ . Since the primary dominates the emission, the photospheric abundances can be relatively well determined, and thus the system is an ideal candidate for studying coronal-to-photospheric abundance patterns. According to Savanov & Berdyugina (1994) , the mass of λ And primary is 1.2 M ⊙ . Calder (1938) was the first to discover the photometric variability of λ And, its amplitude sometimes reaches 0.3 mag. Six years later, Walker (1944) showed that λ And is an SB1 with almost circular orbit of period 20.5212 d. It is atypical for a member of RS CVn type stars, because it is considerably out of synchronism, its rotational period being 54.3 d (Gondoin 2007) . In most RS CVn binaries the rotational period of both components is equal, within a few percent, to the orbital period of the system. Thus λ And, whose orbit is very close to circular, is a puzzle for the theory of tidal friction (Zahn 1977) , which predicts that rotational synchronization in close binaries should precede circulization of the orbit.
From more than 26 years of photometry, Mirtorabi et al. (2003) found that the mean light level of λ And varies between V min = 3.89 mag and V max = 3.77 mag. These observations have shown that λ And exhibits semi-regular cyclic light variations between 4-5 yr and ∼ 14 yr. From these data, well-defined light minima were noticed in 1979/1980, 1991 and 1997, and well-defined light maxima in 1985/1986 and 1999/2000 . Our observations of λ And have been done during its light maximum in August of 1999.
For λ And, the asymmetrical shape of the light curve requires two spots at different longitudes and these spots must be 800-1050 K cooler than the surrounding photosphere (Bopp & Noah 1980; Poe & Eaton 1985; Donati et al. 1995; Padmakar & Pandey 1999; Frasca et al. 2008) . According to O'Neal et al. (1998) , the dark spot filling factor for λ And was 0.14 in late summer of 1993 and even 0.23 in January of 1995. According to Frasca et al. (2008) , the star radius is R = 7.51R ⊙ and the inclination of the rotational axis with respect to the line of sight is i = 67
• . Donati et al. (1995) give v sin i = 6.5 km s −1 . The investigation of possible dependencies of spot parameters, such as the temperature and filling factor, on global stellar parameters, such as the effective temperature, gravity and activity level (rotation rate, differential rotation, etc.), is very important to better understand the physical mechanisms at work in the formation and evolution of RS CVn stars.
The correlation of the temperature difference between the quiet photosphere and spots, ∆T , with the effective temperature has been determined by Berdyugina (2005) . On the average, ∆T is larger for the hotter stars, with the values from about 2000 K for G-type stars to 200 K for M4 stars. This behavior is displayed both for giants and main-sequence stars. It is interesting to investigate the role of the surface gravity on ∆T by selecting stars of nearly the same temperature.
OBSERVATIONS AND THE METHOD OF ANALYSIS
The spectra were obtained in August of 1999 on the 2.56 m Nordic Optical Telescope using the SOFIN echelle spectrograph with the optical camera, which provided a spectral resolving power of R ≈ 80 000, for 26 spectral orders, each of ∼ 40Å, in the spectral region 500-830 nm. Reductions of the CCD images were made with the '4A' software package (Ilyin 2000) . In image processing, the procedures of bias subtraction, spike elimination, flat field correction, scattered light subtraction and extraction of spectral orders were used. The continuum was defined by a number of narrow spectral regions, selected to be free of lines. In the spectra of λ And, we selected 118 atomic lines for the measurement of equivalent widths and 19 lines for the comparison with synthetic spectra. The equivalent widths were measured by fitting a Gaussian function with the '4A' software package (Ilyin 2000) . The measured equivalent widths of the lines and their parameters are presented in Table 1 .
The spectra were analysed using a differential model atmosphere technique. The EQWIDTH and BSYN program packages, developed at the Uppsala Astronomical Observatory, were used to carry out the calculations of theoretical equivalent widths of lines and synthetic spectra. First, using the EQWIDTH program package we obtained solar abundances which were later used for the differential determination of abundances of the program stars. The solar model atmosphere was taken from the Uppsala set (Gustafsson et al. 2008 ) with T eff = 5777 K, log g = 4.44 and v t = 0.8 km s −1 determined from the Fe i lines. Table 1 . Atomic line data and the measured equivalent widths. In the head of the table χ l is the excitation potential of the lower level, log gf is the oscillator strength, δΓ6 is the correction factor to the van-der-Waals damping constant, Γ rad is the radiation damping constant, EW⋆ and EW⊙ are the equivalent widths of lines in λ And and in the solar spectrum. The atomic oscillator strengths and solar equivalent widths for the lines (Table 1) were taken from Gurtovenko & Kostik (1989) . The Vienna Atomic Line Data Base (VALD) (Piskunov et al. 1995) was used in preparing other input data for the calculations. In addition to thermal and microturbulent Doppler broadening of lines, atomic line broadening by radiation damping and van der Waals damping were considered in the calculation of abundances. In most cases the hydrogen pressure damping of metal lines was treated using the modern quantum mechanical calculations by Anstee & O'Mara (1995) , Barklem & O'Mara (1997) and Barklem et al. (1998) . When using the Unsöld (1955) approximation, correction factors to the classical van der Waals damping approximation by widths (Γ 6 ) were taken from Simmons & Blackwell (1982) . For all other species a correction factor of 2.5 was applied to the classical Γ 6 (∆logC 6 = +1.0), following Mäckle et al. (1975) .
Atmospheric parameters
Initially, the effective temperature T eff of λ And was derived and averaged from the intrinsic color indices (B −V ) 0 and (b−y) 0 using corresponding calibrations by Alonso et al. (1999) . The color indices B-V = 0.984 and b-y = 0.625 were taken from van Leeuwen et al. (2007) and Hauck & Mermilliod (1998) , respectively. A small dereddening correction of E B−V = 0.01, estimated by the Hakkila et al. (1997) software, was taken into account.
The agreement between the temperatures deduced from the two color indices was quite good, the difference was only 20 K. No obvious trend of the Fe i abundances with the excitation potential was found (Figure 1 ). The surface gravity log g was found by adjusting the model gravity to yield the same iron abundance from the Fe i and Fe ii lines. Microturbulent velocity v t value corresponding to minimal line-to-line Fe i abundance scattering was chosen as the correct value. Consequently, the [Fe/H] values do not depend on the equivalent widths of lines (Figure 2 ).
Mass determination
The mass of the λ And was evaluated from its effective temperature, luminosity and the Girardi et al. (2000) isochrones. The luminosity log(L/L ⊙ ) = 1.37 was calculated from the Hipparcos parallax π = 37.87 mas (van Leeuwen 2007), V max = 3.77 mag (Mirtorabi et al. 2003) , the bolometric correction calculated according to Alonso et al. (1999) and E B−V = 0.01. The mass of λ And is found to be 1.1 M ⊙ . This value is close to the mass 1.2 M ⊙ determined by Savanov & Berdyugina (1994) . 
Synthetic spectra
The method of synthetic spectra was used to determine the carbon abundance from the C 2 line at 5135.5Å using the the Gonzalez et al. (1998) molecular data.
The interval 798-813Å, containing strong 12 C 14 N and 13 C 14 N features, was used for determining the nitrogen abundance and the 12 C/ 13 C ratio. The molecular data for this band were provided by Bertrand Plez (University of Montpellier II). The 12 C/ 13 C ratio was determined from (2,0) 13 C 12 N feature at 8004.7Å. All log gf values were calibrated to fit to the solar spectrum by Kurucz (2005) with solar abundances from Grevesse & Sauval (2000) . In Figure 3 we show several examples of synthetic spectra in the vicinity of 12 C 14 N lines. (2003) , the log gf = −9.917 value, obtained by fitting to the solar spectrum of Kurucz (2005) and log A ⊙ = 8.83 taken from Grevesse & Sauval (2000) .
The abundance of Na i was estimated using the line 5148.84Å which due to rotational broadening is blended by the Ni i line at 5148.66Å. These two lines are distinct in the Sun, so we were able to calibrate their log gf values using the solar spectrum. However, the sodium abundance value in λ And is affected by uncertainty of nickel abundance determination, originating from the Equivalent Widths method. The abundance of Eu ii was determined from the 6645.10Å line (Figure 6 ). The hyperfine structure of Eu ii was taken into account when calculating the synthetic spectrum. The wavelength, excitation energy and total log gf = 0.12 were taken from Lawler et al. (2001) , the isotopic meteoritic fractions of 151 Eu, 47.77%, and 153 Eu, 52.23%, and isotopic shifts were taken from Biehl (1976) .
Due to the rotation of RS CVn stars, their lines are broadened, so it is important to use a correct value of v sin i in the synthetic spectrum production. We used the most recent value, v sin i = 6.9 km s −1 , taken from De Medeiros et al. (2002) , which fits our data quite well. Previous authors provided higher values of v sin i, up to 20 km s −1 (Uesugi & Fukuda 1982) , which seem to be overestimated. 
Estimation of uncertainties
Sources of errors in our research can be divided into two distinct categories. The first one includes the errors that affect only single lines (e.g., the errors in equivalent width measurements or line parameters). Other sources of observational errors, such as the continuum placement or background subtraction problems, also are partly included in the equivalent width errors. The scatter of the deduced line abundances, σ, presented in Table 3 , gives an estimation of the uncertainty due to random errors in the line parameters (the mean value of σ is 0.05 dex). Thus the uncertainties in the derived abundances that are the result of random errors are close to this value.
The second category includes the errors which affect all the lines together. These are mainly the model errors, such as errors in the effective temperature, surface gravity, microturbulent velocity, etc.). The sensitivity of the abundance estimates to changes in the atmospheric parameters by the assumed errors is illustrated in Table 2 .
Since the abundances of C, N and O are bound together by the molecular equilibrium in the stellar atmosphere, we have also investigated how the error in one of them typically affects the abundance determination of another. 
RESULTS AND DISCUSSION

Atmospheric parameters and the iron abundance
As a result, for λ And we have determined the following atmospheric parameters: T eff = 4830 K, log g = 2.8, v t = 1.6 km s Table 3 and compared with results of other investigations in Figure 7 .
λ And has a long history of high resolution spectral investigations. The first were Helfer & Wallerstein (1968) who studied the star by the differential curveof-growth method. The chemical composition of λ And by modern methods using stellar atmosphere models was investigated by McWilliam (1990) , Tautvaišienė et al. (1992) , Savanov & Berdyugina (1994) , Donati et al. (1995) . The lithium abundance in λ And was investigated by Randich et al. (1994) and Mallik (1998) Table 3 . Element abundances relative to hydrogen [A/H]. σ is a standard deviation in the mean value determined from the line-to-line scatter within the species. N is the number of lines used for the abundance determination. and just the main atmospheric parameters recently were determined by Soubiran et al. (2008) .
The available values of the effective temperature for λ And cover a wide interval, from 4032 K (Helfer & Wallerstein 1968) to 4850 K (Randich et al. 1994) . Our result (4830 K) is in good agreement with the Randich et al. determination. The temperature determined by Donati et al. (1995) is by 80 K lower, but this does not exceed the temperature determination errors.
The values of surface gravities (log g) for λ And are in the interval from 2.0 (Tautvaišienė et al. 1992 ) to 3.1 (McWilliam 1990; Mallik 1998; Soubiran et al. 2008 ). Our present value (log g = 2.8) is in the best agreement with that of Randich et al. (1994) ; the differences with the results of other studies are also within the error box.
The [Fe/H] values, received for λ And, extend from −0.43 (Mallik 1998 ) to −0.80 (Tautvaišienė et al. 1992) . The average value of [Fe/H] of the previous studies is −0.58. Our value, [Fe/H] = -0.53, is close to this average. This work Mallik 1998 Donati et al. 1995 Randich et al. 1994 Savanov & Berdyugina 1994 Tautvaisiene et al. 1992 Fig . 7 . Abundances of elements for λ And, as determined in this work (filled diamonds), Donati et al. (1995, triangles) , Savanov & Berdyugina (1994, circles) , Tautvaišienė et al. (1992, empty diamonds) . The [Li/Fe] value from Randich et al. (1994) is shown as an asterisk and from Mallik (1998) as a square.
Carbon and nitrogen
For the interpretation of carbon and nitrogen abundances in λ And, we have to remind several evolutionary episodes of low-mass red giants.
The first opportunity for low-mass stars to modify their surface carbon and nitrogen abundances happens on their way to the red giant branch when they undergo the so-called first dredge-up (Iben 1965) . During this evolutionary stage, the deepening convective envelope mixes the outer layers of the red giant with the internal matter which has been CN-processed while the star resided on the main sequence. Convective mixing induces a change of the carbon and nitrogen surface abundances. The atmospheric abundance of 12 C decreases, while the 13 C and 14 N abundances increase.
However, the classical stellar evolution theory considers stars as non-rotating and non-magnetic bodies, and the convection is accepted as the only mixing process. Observations of CNO elements in a large number of evolved low-mass giants show much lower C/N and 12 C/ 13 C ratios than the post-dredge-up ratios predicted in the framework of standard stellar theory (see reviews by Chanamé et al. 2005 and Charbonnel 2006) . Therefore, it was concluded that the next distinct mixing episode in low-mass stars occurs at the so-called red giant branch 'bump'. It was surmised that at this evolutionary step the mean molecular weight gradient, produced by the first dredge-up and inhibiting mixing processes, is erased by the outwardly-burning hydrogen shell and results in extra mixing of the convective zone material with regions hot enough to convert 12 C to 13 C. This evolutionary phase is referred to as the 'bump' of the luminosity function on the HR diagram and it corresponds to a temporary decrease in the luminosity and a small increase in the effective temperature of the star when the chemical discontinuity is removed.
In Figure 8 we compare C/N and 12 C/ 13 C ratios of λ And with two theoretical models of extra-mixing. The first model, called as 'cool bottom processing' (CBP), was calculated by Boothroyd & Sackmann (1999) . It includes the deep circulation mixing below the base of the standard convective envelope and the consequent processing of CNO isotopes. Another model, called as the 'thermohaline mixing' (TH), was recently presented by Charbonnel & Lagarde (2010) . Following Eggleton et al. (2006) and Charbonnel & Zahn (2007) , this model considers a double diffusive instability referred to as thermohaline convection, which had been discussed long ago in the literature (Stern 1960) , as an important process in evolution of red giants. This mixing connects the convective envelope with the external wing of hydrogen burning shell and induces surface abundance modifications in red giant stars. The mean molecular weight inversion at the red giant bump is produced by the reaction 3 He( 3 He, 2p) 4 He, as predicted by Ulrich (1972) . According to the authors, the thermohaline mixing does not occur earlier than the bump, since the magnitude of the mean molecular wight inversion is small compared to a stabilizing mean molecular weight stratification.
According to the comparison with stellar evolutionary sequences in the lumi-nosity versus effective temperature diagram by Girardi et al. (2000) , λ And with its luminosity log (L/L ⊙ ) = 1.37 is a first ascent giant lying slightly below the red giant sequence bump indicated at log (L/L ⊙ ) = 1.6 (Charbonnel & Lagarde 2010) . According to the mentioned models of mixing, carbon and nitrogen abundances should be altered only by the first dredge-up. However, the position of λ And in the 12 C/ 13 C versus stellar mass diagram (Figure 8) indicates that its carbon isotope ratio is altered by extra mixing. The low value of the 12 C/ 13 C ratio in λ And gives a hint that extra-mixing processes may start acting in low-mass chromospherically active stars below the currently predicted place of the bump of the luminosity function of red giants. It is interesting that the C/N ratio of λ And is similar to that of II Peg, another very active RS CVn-type star with low metallicity ([Fe/H] = −0.4, C/N ∼ 2, Berdyugina et al. 1998a ). However, the 12 C/ 13 C ratio of II Peg is not known, and this prevents evaluation whether this star has undergone additional mixing. This is an important task for future.
Other heavy elements
Abundance ratios of iron peak elements investigated in this work (Cr, Co, Ni and Sc) to the abundance of Fe are close to the solar ratio. Only vanadium is overabundant by [V/Fe] = 0.5. The same value was obtained by Donati et al. (1995) ; most probably the overabundance is caused by the hyperfine splitting effects. However, Savanov & Berdyugina (1994) and Tautvaišien e et al. (1992) have received almost solar ratios. Donati et al. (1995) , applying 11 spectrograms of λ And taken in 1991 and 1994, investigated the dependence of equivalent widths of lines on the rotational phase and the surface spot coverage. They have noticed that for some lines, e.g., Fe i, the equivalent widths remain almost unchanged in the presence of cool spots. However, the lines of V i and Ti i increase noticeably. Our results show that [El/Fe] ratios are the largest for these particular elements.
We Pagel & Tautvaišienė (1995 at the metallicity −0.5 dex. Similar overabundances of α-elements were obtained in a sample of other RS CVn stars investigated by Morel et al. (2004) . From the s-and r-process elements, only barium has been investigated by Morel et al. and found to be also overabundant.
Abundances of Mg and Al were not investigated in our work. As it is seen from Figure 7 , the available [Mg/Fe] values (Donati et al. 1995; Tautvaišienė et al. 1992 ) are in agreement with other α-elements. Aluminum was investigated only by Savanov & Berdyugina (1994) and found to be overabundant even by 0.7 dex. We also did not investigate the abundance of lithium. The available [Li/Fe] values for λ And are quite different. Savanov & Berdyugina (1994) and Mallik (1998) find about −0.5 dex, while the result of Randich et al. (1994) is +0.1 dex.
More observational and theoretical studies of RS CVn stars are essential in trying to answer the questions of the role of magnetic fields in stellar plasma dynamics, the relation between the stellar structure and energy balance, the interaction between stellar rotation and orbital motion.
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